A review of nucleating agent (NA) types and their effect on crystallization in high-density polyethylene (HDPE) is presented. The focus is on methods to improve the physical properties of HDPE due to its widespread use in commercial applications and high volume use in typical industrial processes including extrusion, injection molding, and blow molding. The crystallization process in HDPE significantly affects its final optical, mechanical, and thermal properties. The addition of NAs affects the physical properties of HDPE by controlling the crystallization from the melt state. Specific NAs improve properties such as clarity, cycle time, and modulus. NAs are more widely developed for polypropylene (PP) than HDPE as its slower crystallization rate allows greater control in achieving property improvements. While certain NAs are effective in improving property characteristics in HDPE, greater control over the crystallization process would achieve further improvements in specific properties. Research has progressed in identifying effective NAs for HDPE, though the magnitude of the effects remains lower than those generally observed in PP. Inorganic and organic NAs are reviewed with an emphasis on the mechanisms by which they function. Fundamentals of polymer crystallization and modeling kinetics during both isothermal and nonisothermal studies provide the necessary framework for characterizing the effects of a NA in HDPE. Finally, the interactions between HDPE, NA, and industrial processing conditions as related to practical applications are discussed. POLYM. ENG. SCI., 00:000-000,
INTRODUCTION
In industrial applications, polymers are melted in processing steps such as extrusion and molding and the size, dimension, and distribution of crystalline domains, or crystallites developed upon cooling determine the final properties of the material. Specifically in high-density polyethylene (HDPE) with a density of 0.941-0.970 g/cc, often used in films, bottles, pipes, and tubes, optical, mechanical, thermal, and chemical properties are significantly affected by the crystallization process [1, 2] . Directed modification of the crystalline morphology during solidification from the melt state in HDPE can alter a wide range of physical properties such as water vapor transmission rate [3] , optic clarity [3] , shrinkage [4, 5] , and cycle time in extrusion and molding [6, 7] . As these properties are directly related to the crystalline morphology of the polymer, directed modification to control the crystallization of HDPE can lead to significant improvements in targeted physical properties.
Crystallization occurs in two main stages known as nucleation and crystal growth [8, 9] During nucleation the polymer undergoes a phase change upon cooling where chains orient and align at the molecular scale into a periodic lattice. During crystal growth, polymer chains orient around the initial nucleation site, or nucleus, in a 3D pattern most often forming a spherical crystal cluster called a spherulite. At early stages of crystal growth, spherulites grow individually until they encounter other spherulites or the material interface, each defining a crystalline domain. Complete crystallization occurs when the crystalline and noncrystalline domains become space filling. The final material is characterized by the size and shape of these domains, often defined by the initial nucleation density and growth rate [9] .
There are three classes of nucleation: (1) homogeneous nucleation or spontaneous nucleation; (2) self-nucleation; and (3) heterogeneous nucleation [9] . Homogeneous nucleation occurs in pure polymers due to the influence of supercooling also known as undercooling, which is the difference between the melt temperature (T m ) and the onset crystallization temperature (T 0 ) [10] . Self-nucleation is a result of partially melted polymer that provides structural heterogeneity, with the crystalline portion acting as a nucleus. Heterogeneous nucleation involves the addition of a foreign material that provides a seed upon which crystal growth can occur.
Nucleation and crystal morphology are affected by the addition of a nucleating agent (NA) that promotes heterogeneous nucleation. A NA is a dispersed material that acts as a local nucleus that is added to the polymer. As the ultimate physical properties of HDPE are strongly affected by crystal nucleation, growth, and final crystal morphology, the addition of NA provides a means to control the crystallization process and enable improvements in many physical properties [9, 11] . Thus, the interfacial properties of NAs often determine their effectiveness in seeding crystallization.
The addition of effective NAs in most polymers increases the rate of crystallization and the crystallization temperature, T c . The increase in rate of crystallization and in T c depends on the polymer/NA combination. However, there are limitations to the current effectiveness of NAs. Generally, NAs in HDPE cause a 18-38 increase in T c , a smaller crystallite size, and no substantial change in the fraction of the material that crystallizes. In contrast, nucleated PP for which crystallization behavior is more widely studied, increases in T c trend up to 268 higher than for neat P [12, 13] . A beneficial result from the addition of effective NAs is reduced cycle times in polymer processing such as extrusion or molding. Fabricated parts solidify faster, increasing the rate of production. Another benefit is greater transparency or clarity in HDPE as NAs reduce crystal sizes to a range smaller than the wavelength of visible light to reduce light scattering [3] . Also, reductions in postinjection mold and postextrusion shrinkage values are achieved by the addition of a suitable NA due to a more uniform distribution of crystal sizes [14, 15] .
Researchers comparing the effect of NAs on HDPE to their effect on polypropylene (PP) have concluded that nucleation in HDPE is more difficult to control than in PP due to HDPE's faster crystallization rate. PP's lower crystallization rate allows the NA more time to increase the nucleation density [16] . Relative to HDPE, the effects of NAs on PP crystallization have been widely researched and improved physical properties are well documented. The many effective NAs commercialized for PP are successfully used industrially to improve processing times, as well as the material properties of PP, which include optical clarity, warpage/shrinkage control, and modulus [17] . Compared to PP, relatively few commercially developed NAs are marketed for use in HDPE. Nevertheless, studies show that various organic and inorganic compounds are effective as NAs in HDPE. Effective NAs have the potential to achieve the same property improvements in nucleated HDPE as in PP though generally, to a lesser extent.
This article reviews the effects of NAs on the crystal formation process in HDPE and the resulting crystalline morphology. Critical polymer processing factors, such as cooling conditions, that control and affect the crystallization process and the resulting physical properties in HDPE are discussed. Flow-induced crystallization effects are briefly discussed but are not the focus of this article.
The techniques and mathematical models used to analyze HDPE crystallization kinetics are reviewed followed by a survey of the NAs investigated. Finally, this review summarizes the properties needed for designing effective NAs and potential new directions for material properties and processing conditions for achieving higher degrees of control of crystallization and nucleation in HDPE.
FUNDAMENTALS OF HDPE CRYSTALLIZATION
Crystallization in polymers leads to local alignment of the molecular chains into thin lamellae. Lamellae are formed from polymer chains that are folded back and forth in a regular pattern and the term lamella is often used interchangeably with crystallite [18] . The lamellae combine to form spherulites, which are spherically shaped clusters of crystallinity that grow radially from each nucleation point during crystallization. Within the spherulite are layers of oriented lamellae separated by noncrystallized amorphous regions [19] . Crystallization rates can be observed by measuring the growth of spherulites as a function of time using either optical microscopy or transmission electron microscopy (TEM) of thin sections. The isothermal radial growth of spherulites is typically linear as a function of time. Optical microscopy techniques show that spherulites continue to grow until they impinge on adjacent spherulites as shown in the second picture in Fig. 1 [20] , creating a spacefilling polycrystalline matrix [21] .
Many beneficial physical properties such as higher modulus, higher tensile strength, and higher end-use temperatures of semicrystalline polymers such as HDPE can be attributed to crystal size distribution and degree of crystallinity, when compared to similar polymers that are mostly or fully amorphous. In contrast to fully amorphous polymers, the crystalline regions in semicrystalline polymers have a distinct melting temperature typically measured by differential scanning calorimetry (DSC).
Also above the glass transition temperature (T g ), and below the melting point, the modulus of a semicrystalline polymer is higher than that of a fully amorphous polymer, which is explained by the reinforcing effect of crystals in the polymer or locking in of the polymer structure caused by physical crosslinking of the amorphous regions by the crystallites or spherulites [10] . The crystallization process in polymers can only occur in the range of temperatures between the T g and T m of the polymer. The plot of temperature under isothermal conditions versus rate of crystallization takes the same basic shape shown in Fig.  2 for all semicrystalline polymers including HDPE. The characteristic shape of the curve in Fig. 2 is caused by the slowing of crystal growth with increasing viscosity at temperatures close to the T g and by the reduced thermodynamic driving force as the melting point T m of the polymer is approached. The rate of crystallization then peaks (T p ) at some temperature between T g and T m . The crystallization rates at both the T g and T m points are theoretically zero [10] .
Crystallization in HDPE and in most semicrystalline polymers develops over time while cooling from the melt state. The general form of the curve is sigmoid shaped and is shown in Fig. 3 [10] . An initial induction time is required for the formation of spherulitic nuclei from the melt state. During primary crystallization spherulites slowly form and then the crystallization process increases rapidly during which time the spherulites grow radially outward. Primary crystallization includes nucleation, crystal growth, and spherulitic organizing processes. Secondary crystallization occurs when crystallization slows due to the spherulites impinging on each other at which point the majority of the transformation is complete. During secondary crystallization, additional polymer chains may continue to move onto existing crystals and the crystallization may continue to increase although at a much slower rate. Secondary crystallization is typically more pronounced at higher cooling rates as there may be inadequate time for complete spherulite development during the primary crystallization phase and therefore further crystallization is shifted to the secondary crystallization phase [22] . Secondary crystallization can lead to additional shrinkage in finished molded or extruded parts in particular at temperatures greater than the T g [19] .
The general development of crystalline structure, which is described as crystalline fraction or degree of crystallinity as a function of time, is shown in Fig. 3 . Both isothermally and nonisothermally crystallized polymers cooled at a constant rate roughly follow the shape shown in Fig. 3 . However, extreme nonisothermal conditions with high cooling rates (>50008C/ min) may distort the curve. The start of the crystallization or onset time of crystallization is T 0 in Fig. 3 . The first portion of this curve before the sharp increase is often referred to as the induction time and is the time needed for the formation of nuclei. T e is the time to reach complete crystallization. The crystallization half-time, T 1/2 , is the time to reach 50% of the maximum attainable crystallinity [21] . Generally, most polymers including HDPE do not achieve complete crystallinity due to their semicrystalline nature. Figure 3 shows the normalized fraction of polymer crystallized versus time [23] .
Polymer chains start out in a random coiled state and then undergo considerable reconfiguration to arrange into an ordered crystalline structure. The typical extent of crystallization for HDPE spans a broad range, roughly from 54 to 83%, depending on factors such as polymer branching, and the measurement method used to determine the value. The reconfiguration of the polymer chains into the crystalline structure is always obstructed to a certain extent by chain entanglements, polymer branches, and/or side groups. The formation of the crystalline structure in HDPE causes closer packing of polymer chains into the spherulite/crystal lattice structure, which leads to a change in density. Therefore, the change in density of the crystalline HDPE solid is proportional to the crystalline fraction [19] .
As a general example of this phenomenon in polyethylene, Fig. 4 shows the actual measured degree of crystallinity development versus time for linear PE [1] . Generally, as T c decreases from T m a rapid increase in crystallization rate results as seen in Fig. 4 . Also, the induction time becomes progressively longer as T c increases. Independent of T c , the curves show the same basic sigmoidal shape. Over time the same degree of crystallinity is achieved regardless of the crystallization temperature as long as it is above T g and below T m [1, 23] . Both kinetic and thermodynamic elements promote the crystallization process. From a kinetic standpoint increased cooling or "undercooling" (T m -T c ) promotes both the nucleation and crystallization process. From the thermodynamic standpoint, the crystal structure that forms is in a lower energy state than the melt state. A NA present in HDPE decreases the degree of undercooling needed to start the crystallization process and also leads to smaller spherulite sizes. The ultimate degree of crystallization achieved immediately after cooling to ambient temperature depends on the rate of crystallization and cooling rate [24] . As cooling rate increases especially for very rapid cooling conditions greater than 10008C/min, a lower degree of crystallization is achieved. For instance, polymers subjected to rapid cooling in a cold mold in injection molding processes do not have adequate time to develop their full crystallinity. However. in the case of very rapid cooling to ambient temperature, the polymer will eventually reach the same level of crystallinity if maintained at temperatures between T g and T m ; however, the process may take several weeks or months at ambient temperature which is not a practical time scale [1, 19] . Cooling rates also have a significant effect on the time to start the crystallization process as typically observed in nonisothermal crystallization studies. The general trend seen in DSC cooling curves is that crystallization starts at higher temperatures when the cooling rate is lower because there is more time at higher temperatures for the nuclei to start the nucleation process and begin crystallization. Conversely, higher cooling rates delay nucleation activity as there is insufficient time to initiate the crystallization process at higher temperatures and therefore the nucleation occurs predominantly at lower temperatures.
ISOTHERMAL CRYSTALLIZATION KINETICS AND THE AVRAMI EQUATION
The determination of the relative crystallinity X(t) as a function of time at a constant temperature can be used to analyze isothermal crystallization kinetics in polyethylene. The relative crystallinity at time t is defined in Eq. 1 and has a maximum value of 1 and minimum value of 0 [25] .
where H t is the heat generated through time t, H 1 is the total heat generated to the end of the crystallization process, X c (t) is the crystallinity at time t, and X c (t 1 ) is the crystallinity at the end of the crystallization process [26] . This equation enables a convenient analysis of crystallization based on calorimetry experiments using a DSC. The overall crystallinity is the percentage of the measured heat of fusion compared to the theoretical heat of fusion of the pure polymer [9] . Two additional techniques for measuring relative crystallinity include density and wide-angle X-ray scattering (WAXS). The density method is calculated based on tabulated density values for the amorphous and crystalline phases along with the measured density of the polymer. In X-ray diffraction the crystalline regions in the polymer produce sharp diffraction peaks whereas the amorphous regions produce broad halos. The degree of crystallinity can be estimated by integrating the relative intensities of the peaks and halos [9, 27] . The Avrami equation (2), first published in 1939 and still used successfully today, describes the isothermal crystallization kinetics of many semicrystalline polymers including HDPE. Several examples of HDPE blends analyzed by the Avrami method are included in this article [28] [29] [30] . The equation describes how solids transform from one state of matter or phase to another at constant temperature and can also describe some types of chemical reactions [25] .
where X(t) is the time-dependent relative crystallinity, n is the Avrami exponent, K is the Avrami rate constant involving nucleation and growth parameters, and t is the crystallization time. The Avrami exponent n depends on the type of nucleation and growth process. Generally the values of n are between 1 and 4 [28] [29] [30] . The Avrami equation takes the following assumptions into account: (1) that the nucleation process occurs randomly in space; (2) that time dependence of nucleation is either zero or first order as described below; and (3) crystals have a specific geometric form. Both assumptions 2 and 3 are described by the n value [20] .
The value of the Avrami exponent n is composed of two terms N and C where n 5 N 1 C time where N 5 1. However, in many cases the nucleation process falls somewhere between the completely instantaneous and completely sporadic cases and the result is a noninteger Avrami index [31] . The typical value of n for polyethylene is 2.6-4.0 [20] . The value of n often decreases as the crystallization proceeds [32] . The geometric shape of the crystals also influences n, where C is the dimension of the growth. For 3D spheroidal growth, 2D planar discoidal growth, and 1D rod growth, C 5 3, 2, and 1, respectively. It is common for n 5 4 where nucleation is first order and the growth dimension is spherical.
Equation 2 is typically rearranged in a linear form and a double logarithm applied:
A typical example of an isothermal relative crystallinity curve for a HDPE sample is shown in Fig. 5A . The sigmoid-type curves typically shift to the right with increasing isothermal crystallization temperature and the crystallization rate slows down [26] .
If Eq. 3 adequately describes the isothermal crystal kinetics of the polymer then the plot of log[2log(1 -X(t))] and log t is a straight line and the values of n and K can be obtained from its slope and intercept, respectively. An example plot is shown in Fig. 5B for HDPE based on the data shown in Fig. 5A [26] . For the Avrami equation to successfully describe the kinetics in the system the data points in this plot must be highly linear within a specific conversion range with a very high correlation coefficient [31] . The Avrami equation adequately described the primary crystallization kinetics in the isothermal study of the barium sulfate NA system. However, the authors commented that the plots tend to deviate from linear behavior in the later stages of crystallization due to the effect of secondary crystallization. A similar nonlinear behavior occurred in the Avrami kinetic studies of UHMWPE as NA [33, 34] .
In some cases the data may fit a straight line over a smaller range of crystallization conversions often around the 50% area. In this case, some improvements in the data fit may be achieved by assigning a noninteger value of n because samples may not have the same consistent geometry of rod, disc, or sphere throughout their volume and a combination of zero-and first-order nucleation may be present. Grenier and Homme [35] published a review of the limiting factors for applying the Avrami equation. Below, examples of crystallization kinetics analysis using the Avrami equation are included in the Nucleating Agent Developments section.
NONISOTHERMAL CRYSTALLIZATION KINETICS
Often research on polymer crystallization is conducted under idealized isothermal conditions, which greatly simplifies the mathematical analysis but fails to account for the varying cooling rates and temperatures typically encountered within the polymer in applications. However, the study of crystallization in an environment with continuously changing temperatures is of greater practical importance as industrial processes generally occur under nonisothermal conditions [10] .
One of two models presented by Ziabicki et al. [36, 81] describes the nonisothermal crystallization of polymers as a sequence of isothermal steps. The Ziabicki equation is a series expansion of the Avrami equation thus having limited effectiveness because it is restricted to temperature ranges where experiments measure isothermal crystallization [36] . Nakamura et al. [10] published a detailed study of the nonisothermal crystallization kinetics of neat HDPE. This study utilized incident X-rays scattered from an HDPE film sample inside a special sample holder with heating stage and thermocouple to monitor changes in crystalline diffraction peaks versus temperature during cooling. The degree of crystallinity X(t) is calculated by comparing the diffraction peak intensities at time t to the completely amorphous and completely crystalline states. These in situ experimental results obtained for nonisothermal crystallization agreed with the theoretical predictions calculated from the Nakamura equation. The Nakamura equation assumes instantaneous nucleation [37, 38] .
As derived, the Avrami equation applies only to isothermal crystallization. Jeziorny [39] modified the Avrami equation to describe the kinetics of nonisothermal crystallization. A corrected form of the rate term (K) used in the Avrami equation assuming a constant cooling/heating rate was proposed. The relative crystallinity at a set cooling rate (R) is a function of the crystallization temperature (T) and rewriting Eq. 1:
where X(T) is the relative crystallinity as a function of crystallization temperature. The crystallization onset temperature is T 0 and T c and T 1 represent the crystallization temperature at time t and after the completion of the crystallization process. The crystallization time variable t can be obtained using:
where R is the cooling rate in 8C/min. The rate of nonisothermal crystallization depends on R, and K can be corrected to obtain the primary rate constant K r :
log K r 5 log K=R:
Jeziorny theory was used to model the nonisothermal crystallization kinetics in both SiO 2 and TiO 2 NA studies. An acceptable linear fit of the data was achieved with this model in both systems except at the very end stages during secondary crystallization [33, 34] .
Ozawa modified the Avrami equation for nonisothermal crystallization assuming that the polymer was heated or the polymer melt was cooled at a constant rate. According to the Ozawa theory, the Avrami equation becomes Eq. 7, which is called the Ozawa equation. The Ozawa equation is based on both temperature and cooling rate R:
where K(T) is the cooling or heating temperature function, m is the Ozawa exponent which depends on the dimensions of the crystal growth and order of nucleation. Taking the double-logarithmic form:
Measuring a crystallization process at different cooling rates and plotting log[2log(1 2 X t )] against log R at a given temperature, straight lines should be obtained if the Ozawa method is valid. The parameters m and K (T) can be determined from the slope and intercept, respectively.
Eder and Wlochowicz [41] showed that the Ozawa method did not produce straight lines in the log[2log(1 2 X t )] versus log R plot for HDPE indicating that this model was not adequate, which was also confirmed by Liu et al. [42] . Likewise, attempts to utilize the Ozawa method in the SiO 2 and CaCO 3 NA systems showed unacceptable nonlinear behavior in both the neat HDPE and composites during both primary and secondary crystallization phases [34, 43] . In all cases, this discrepancy was attributed to factors neglected in the Ozawa theory including secondary crystallization and dependence of lamellar thickness on the T c . The Ozawa theory also does not include variability of n with T c . Slow or secondary crystallization in PE can sometimes be greater than 40% of the total crystallinity [41] .
To achieve a better description of the crystallization behavior, Mo and coworkers [42] proposed combining Eqs. 2 (Avrami equation) and [7] (Ozawa equation). The combination provides a relationship between cooling rate R and crystallization temperature T.
can be rewritten as
The parameter F(T) is the heating or cooling rate: F T ð Þ5½KðTÞ= Kt 1=m and a is the ratio of the Avrami exponent n to the Ozawa exponent m or a 5 n/m. Mo's method was successful in describing the nonisothermal kinetics at both lower and higher degrees of crystallinity (X > 0.8) for TiO 2 , SiO 2 , and CaCO 3 and overall a better linear fit was obtained in comparison to the Jeziorny and Avrami methods [33, 34, 43] .
ACTIVATION ENERGY
One way to interpret the mechanism of heterogeneous nucleation is the active NA reduces the interfacial free energy between crystalline polymer and the NA constituent as compared to the polymer-polymer crystalline-amorphous interfacial energy. The activation energy or DE is the energy to transport molecular chains from the molten state to the crystal growth surface [44] . The reduced interfacial free energy decreases the activation energy for nucleation, thus lowering the amount of cooling required. As temperature is lowered, the drive to crystallization is favorable until the increase in polymer viscosity inhibits the chain alignment, making the crystallization process more difficult at low temperatures [45] .
Binsbergen's study of polyolefin crystallization supports this theory, showing a greater tendency of the HDPE crystallite to adsorb the foreign material rather than the liquid (melt) phase because of reduced interfacial energy thereby lowering the activation energy required for nucleation [46] .
To estimate the activation energy in nonisothermal systems, Kissinger [47] relates the maximum rate of extent of conversion to activation energy, DE, while cooling [34] .
where G is the universal gas constant, T p is the peak crystallization temperature at maximum crystallization rate, and R is the cooling rate, dT/dt. This equation allows comparison between experiments conducted at various cooling rates [42] . The instantaneous crystallization rate as a function of time is dX t . The constant is an empirical pre-exponential factor. Plots of dX t /dt versus 1/T yield a straight line with slope equal to -DE/R [33, 43] .
HOMOGENEOUS NUCLEATION AND HDPE MOLECULAR WEIGHT FRACTIONS
Before considering the effects of NAs in HDPE it is useful to discuss the most basic form of crystallization in HDPE which involves homogeneous nucleation. The average molecular weight (M w ) and molecular weight distributions of HDPE influence its nucleation and crystallization. Generally, an increase in M w results in higher viscosity slowing the process by which the chains move into an ordered crystalline structure during cooling, and thus lowering the crystallization rate.
For instance, studies conducted on PP copolymers with a range of melt flow index (MFI) showed that the crystallization rate and level of crystallinity increased with decreasing M w or viscosity, or increased MFI. Similar trends would be expected for HDPE. Physical properties of PP, such as crush resistance and shrinkage, were improved with increased MFI polymers. The improved crush resistance was attributed to increased levels of crystallinity in the higher MFI polymers [48] .
Chiu and Fu [49] studied the effect of various HDPE M w fractions on the crystallization kinetics and related crystal morphology by utilizing DSC, TEM, X-ray scattering, and other techniques. Results confirmed that M w affects the crystallization rate, Avrami exponent, and crystal morphology. Generally, the lower M w samples showed higher crystallization rates under identical T c and conditions. As expected, based on crystal growth theory the crystallization process was faster for the samples crystallized at lower T c (higher DT) regardless of M w . The authors hypothesized that the nucleation mechanism changes from spontaneous to sporadic nucleation as T c increases. This conclusion is supported by polarized optical microscopy (POM) images taken of low and high M w samples at differing T c values [49] .
POM micrographs of the low M w samples crystallized from the melt state to room temperature showed considerably different morphologies as compared to the high M w samples with M w > 5800. The samples with M w > 5800 had a higher density of nuclei which led to smaller spherulites as compared to spherulite sizes in the lower M w samples [49] .
NUCLEATING AGENT DEVELOPMENTS

Classes and Characteristics of NAs
While there is no method for a priori prediction of the performance of a NA for a particular polymer, previous studies led researchers to identify common characteristics of the more effective NAs [12, 50] . Prior to crystallization these NAs are typically insoluble in the melt with a higher T m than the polymer. These NAs are often crystalline materials with preferably similar crystalline structure to the polymer. The complementary registry enables epitaxial crystallization on the NA surface [12] . Effective NAs frequently have both polar and nonpolar attributes, such as salts of benzoic acid which have nonpolar benzene rings that align in parallel layers or rows that interface with the polymer chains. These salts of benzoic acid can form an alternating polar and nonpolar layered structure, with the nonpolar portion in close contact with the polymer melt. NAs for HDPE are divided into inorganic and organic types as shown in Table  1 . The list of NAs in Table 1 is not exhaustive but does include the most commonly researched and reported NAs proven effective for HDPE. Whether inorganic or organic, the effectiveness of the NA is determined by measuring the T c on cooling in a nucleated HDPE sample. A higher T c value indicates faster crystallization and, therefore, a more effective NA. Each NA listed in Table 1 includes one or more of the common characteristics stated above. Other properties such as geometrical form, optimum particle size, and surface morphology can increase the effectiveness of the NA. Finally, the NA must be well dispersed within the polymer melt to maximize its effectiveness [16, 46] . Examples of these effects are discussed further in the next sections.
Effect of NA Concentration and Crystallization Temperature
Studies of NAs in HDPE frequently address whether the concentration of the NA impacts performance, as measured by the increase in T c and crystallization rate indicating a more effective NA [12, 68, 69] . For the NAs listed in Table 1 , the underlying studies that address concentration include the NA ranges from 0.5 to 5 wt% while the other studies use a fixed amount of the NA that is generally within that range. The NAs in Table 1 all show an increase in T c and crystallization rate at all NA concentrations studied in HDPE. Those studies of NAs in HDPE that include the effect of concentration show that the performance of the NA is concentration dependent. For example, studies of NAs listed in Table 1 [26] , POSS [25] , graphite [52] , MWNT [55] , and ionomer-treated sisal fibers [60] , correlate performance with the amount of the NA in the HDPE. It is therefore presumed that concentration-dependent behavior is the norm rather than the exception. Of course, there must be limitations to this trend as product properties increasingly depend on the composite nature of these materials at higher concentrations, causing the additional amount of NA to have diminishing returns at high loading.
In some studies the concentration of NA necessary to achieve the largest increase in T c and crystallization rate was determined. For example, Song et al. [4] showed with plots of crystallization time versus X t that the crystallization rates of the composites vary with the concentration of UHMWPE. The sample with 3 wt% UHMWPE had both the highest crystallization rate and the shortest time to reach maximum relative crystallinity. As the level of UHMWPE was gradually increased from 0.5 to 3 wt% the crystallization rate continued to increase as shown in Fig. 6 , with the crystallization rate highest for 3 wt%. However, as the 3 wt% concentration is approached the increases in crystallization rate become less and less significant. Based on these results the authors conclude that above 3% no significant increases in crystallization rate would be expected [4] .
Similarly, Minkova and Mihailov studied the nonisothermal crystallization kinetics of blends of HDPE with UHMWPE as a function of blend composition, demonstrating effectiveness of 30 wt% of UHMWPE; both HDPE and UHMWPE crystallization rates were found to be higher than their corresponding neat systems [70, 71] .
A maximum crystallization rate was determined in an isothermal study of POSS, which included a concentration range of 5-10 wt% of POSS in HDPE. The maximum crystallization rate was determined to be 1 wt% as determined by measuring T 1/2 values by DSC [25] . However, a different concentration dependence of POSS versus T c was found in a separate study under nonisothermal conditions, which showed that only a sample with 10 wt% POSS had significant increases in T c . This highlights issues in comparing various systems and techniques, in particular the range of results possible when studying crystallization under isothermal and nonisothermal conditions [54] . 
Reduced Degree of Crystallinity
In most studies, a reduction in overall crystallinity as a function of increasing NA concentration was reported as compared to neat HDPE. Typically although with a few exceptions, the crystallinity decreases as the NA concentration increases as compared to the neat HDPE. The reduction in crystallinity is explained by the competing effect of reduced polymer chain mobility in the presence of a NA. The particles can impede or confine the mobility of polymer chains making it more difficult for the chains to arrange themselves into the ordered crystal structure. Generally, the free volume of the polymer chains is reduced as the NA content increases, which leads to decreased polymer chain motion. The confined motion of the chains can cause a slight reduction in crystallization rate particularly as the loading of the NA is increased above the optimum level for NA effectiveness [50] . For example, this effect was reported to occur with CaCO 3 and the reduced crystallinity was confirmed by DSC and wide angle X-ray diffraction (WAXD) curves. The crystallinity of the simple blend of HDPE with 5 wt% CaCO 3 showed a reduction in crystallinity as compared to the neat HDPE. However, further reductions in crystallinity were obtained in a sample containing a maleic anhydride PE (manPE) compatibilizing agent with a HDPE/manPE system blended also with 5 wt% CaCO 3 . The authors hypothesized that the manPE compatibilizer leads to increased interaction between the HDPE chains and CaCO 3 , which increases the confinement of the polymer chains [43] . Similar reductions in crystallinity with increasing NA amount were determined in studies with TiO 2 [33] , expanded graphite (EG) [52] , and MWNTs [72] .
In contrast, the percent crystallinity of the HDPE portion of an HDPE/sisal fiber composite increased significantly as the amount of sisal fiber in the HDPE increased. However, the crystallization enhancement may be different at the fiber/polymer interface as compared to the bulk of the matrix. This result was contrary to typical studies of NAs in HDPE in which a decrease in crystallinity of the HDPE fraction is measured with increasing filler content [60] .
The change in crystallinity due to the presence of NAs correlates to changes in DH m , which is the enthalpy change during melting. These changes are reflected in X c or DH m both measured by DSC. Studies of NAs such as CaCO 3 [51] , SiO 2 [34] , graphite [52] , and TiO 2 [33] showed lower X c results, while sisal fiber composites showed higher X c as reflected in higher DH m [60] . In some studies involving POSS [25] and BaSO 4 [26] , crystallinity measurements were not included and therefore no conclusions could be determined regarding this effect for those NAs.
The effect of MWNTs in one study showed only slight differences in degree of crystallinity that were not considered significant by the authors [55] . However, in another study conducted under different conditions the MWNTs showed a decrease in crystallinity with increasing MWNT concentration [72] . The concentration effect of UHMWPE as NA on degree of crystallinity was too small to be considered significant. The UHMWPE samples with 0.5, 2, and 3 wt% levels showed about 1% reduction in crystallinity as compared to the pure HDPE [4] .
The Effect of NAs on Crystal Morphology and Structure
The focus here is mostly on the crystal morphology which refers to the external form or shape of the crystal in the macroscopic scale, whereas crystal structure refers to the molecular or atomic level of order within the crystal [8] . Crystallization kinetic studies as indicated by n often show that the addition of NAs does not change the crystalline morphology of HDPE. For example, in SiO 2 [34] and TiO 2 [33] , n did not change significantly in the nucleated versus pure HDPE, indicating that the geometry or mechanism of HDPE crystallization did not change [33] . Contrary to this result sisal fibers showed significantly higher n of about 3 in composite samples as compared to the pure HDPE which showed an n value of about 2 [60] .
WAXD is another tool used to characterize changes in crystalline structures in HDPE upon addition of NA. For example, WAXD of the TiO 2 [33] , CaCO 3 [43] , carbon nanotube (CNT) [56] , and BaSO 4 [26] NA studies showed no change in crystal structure. However, the lamellar thicknesses can change, which is related to the size of the particular crystal morphology rather than structure. In some studies, WAXD was also used to measure lamellar thickness. For example, WAXD showed that the lamellar thickness increased in both TiO 2 and BaSO 4 composite samples. Increased lamellar thickness in nucleated composites corresponds to higher enthalpy change or DH m as compared to the pure HDPE at the same cooling rates [33, 43] .
Lamellar thickness typically increases in nucleated samples as compared to the pure HDPE. Some studies include results of T m values of nucleated versus non-nucleated samples. For example, BaSO 4 , UHMWPE, and CNTs as NAs showed higher T m than pure HDPE, which indicated that the NA caused thicker crystals or more perfect crystals to form as compared to the pure HDPE [26, 56] . Contrary to this result both graphite and SiO 2 showed a 28 and 58 decrease in T m , respectively, compared to pure HDPE, indicating increased crystal imperfections due to the presence of the NA [34] . The T m values of CaCO 3 [43] and MWNT [55] showed no significant changes in T m versus the neat HDPE.
Spherulite Size and Number
Early studies in the 1970s utilized a microscopy technique to evaluate the nucleating effect of roughly 2000 compounds on polyolefins. While the testing focused on PP, substances active in PP were often active in other polyolefins such as HDPE. The method involved observing the size and number of spherulites in the crystallizing mixtures. The results showed that a good NA reduced the spherulite diameters by 1/10 to 1/5 as compared to the spherulite diameters in the non-nucleated polymer. Binsbergen [46] showed that the number of active seeds is strongly temperature dependent.
The modern microscopy technique used to study the crystallization process utilizes POM and a hot stage to allow real-time capture of the crystallization process at selected temperatures [4] . For example, POM was used to study the crystallization process of neat HDPE and 3 wt% UHMWPE composites at 1298C at selected time intervals as shown in Fig. 7 . Figure 7 shows the POM results after 50 min of crystallization time at 1298C. The POM results provided further confirmation of the much faster crystallization rate of the composite sample with 3 wt% UHMWPE showing more nuclei versus neat HDPE at a given time interval. These results showed that the spherulites in the UHMWPE composite were much smaller than those in the neat HDPE [4] . The POM technique was also utilized in the TiO 2 and CaCO 3 studies and showed similar increases in the number of nuclei and smaller spherulite sizes and these results are presumed to occur to some extent with all effective NAs [33, 43] .
Spherulite growth rates typically increase in samples with NA as compared to the pure polymer and growth rate is inversely proportional to T 0 -T c . For example, the spherulite growth rate increased in an HDPE/CaCO 3 sample compared to the neat HDPE, which corresponds to an increased rate of crystallization [51] .
The Effect of NA Particle Size and Particle Surface
Nanosized particles can in principle produce higher efficiency of nucleation as lower concentrations provide a higher number of available nucleating sites due to the increase in surface area to volume ratio for decreasing particle size [73] . Nanoparticles are different from typical reinforcing agents used in polymers in that the nanoparticle is capable of interacting with the polymer on a molecular level due to its small size and high surface area. Nanoscale NAs are added at low concentrations, typically 1-3 wt%. However, under certain conditions and concentrations, a reduction in mobility of the molecular chains can occur which reduces crystal growth rate and NA effectiveness [25, 43] . For example, studies involving both EG and untreated graphite (UG) have shown that particle surface area has an effect on the NA performance independent of surface chemistry [52, 53] . At 10 wt%, a larger increase in T c occurred with the EG than with the UG as compared to the neat HDPE. The authors concluded that the higher surface-to-volume ratio of the EG as compared to UG in the HDPE matrix led to a higher number of nucleation sites. The higher surface-to-volume ratio may yield better interaction between crystalline HDPE and graphite [52] .
Typically inorganic NA studies describe changes that are made to the NA particle surfaces. The surface coating or lack of surface coating on NAs such as CaCO 3 affects the crystallization of HDPE. In one study a precipitated CaCO 3 with no stearic acid surface treatment acted as a NA whereas stearic acidtreated CaCO 3 did not [74] . The SiO 2 study utilized a silane coupling agent to modify the particle surface; however, the study did not focus on how the surface changes affected the NA performance [34] . In another study, BaSO 4 particles were treated with sodium stearate as this treatment is widely used to improve the dispersion and toughness in the matrix as compared to untreated particles [26] . Without systematic study, it was presumed that the treated BaSO 4 particles would function better as NAs as compared to untreated particles. Sisal fibers were treated with an ionomer coupling agent in order to improve fibermatrix bond strength and improve the reinforcement effects of the sisal fibers in the matrix. The NA effectiveness of these particles was determined; however, the study did not focus on how the changes to the particle surface affected the NA performance [60] .
The Effect of NA Dispersion
Effective dispersion of the NA in HDPE is critical to maximizing its effectiveness [16, 46] . Huang et al. [43] studied nonisothermal crystallization of neat HDPE, HDPE/CaCO 3 , HDPE/ maleic anhydride (man), and HDPE/manPE/CaCO 3 composites. The manPE is a maleic anhydride-modified material which acts as a compatibilizing additive for the CaCO 3 in the HDPE. DSC results showed that the HDPE/manPE/CaCO 3 sample had the highest T 0 and T p values of all the samples. The authors hypothesize that the increased compatibility caused by the manPE produced better overall CaCO 3 particle dispersion in HDPE, which led to an increased number of effective nucleating particles [43] .
X-ray diffraction and TEM studies with POSS as a NA showed that crystalline aggregates start to form at concentrations above 1wt%. These aggregates did not effectively promote the crystallization process or nucleation activity, resulting in constant n values at >1 wt% POSS. The authors showed that only well-dispersed POSS affects the crystallization mechanism and the rate of crystallization of the HDPE matrix and acts as a NA [25] .
CNTs are commonly known to be difficult to disperse and studies have shown that only well-dispersed CNTs can function as effective NAs [56] . Vega et al. [55] studied nanocomposites of HDPE melt mixed with an in situ polymerized HDPE/multiwall carbon nanotube (MWNT) masterbatch. The nanocomposite was studied under isothermal conditions containing 0.52wt% MWNT. The in situ technique was utilized to prevent CNT aggregation and optimize dispersion in the final composite and results from simple melt blended systems may differ significantly. Trujillo et al. [56] showed that simple melt blended incorporation of MWNTs into HDPE had poor dispersion and did not form crystals with higher T m and the crystal lamellae were thinner as compared to the in situ produced composites. He et al. [72] completed a similar study but used a solution method to crystallize the HDPE onto MWNTs to overcome the poor dispersion problem. The method involved cooling and crystallizing dissolved HDPE from hot p-xylene with a controlled amount of dispersed MWNTs [72] .
Activation Energy
Most studies with a few exceptions confirm that NAs cause a reduction in activation energy necessary for nucleation. For example, with CaCO 3 the activation energies, estimated using the Friedman equation, were lower as compared to the neat HDPE at the same relative crystallinity. The composite with only CaCO 3, as mentioned above promoted more spherulite nucleation on the CaCO 3 surface than the CaCO 3 /HDPE blend with maleic anhydride compatibilizer [43] . This effect is also evident in TiO 2 used as NA, comparing anatase and rutile phases of TiO 2 . The plot of crystallization activation energy of neat HDPE and HDPE/TiO 2 composites, as determined by the Friedman equation, is shown in Fig. 8 as a function of X t . The HDPE/TiO 2 composites all show lower activation energy at any given X t , demonstrating that TiO 2 promotes the crystallization of HDPE. The HDPE/anatase TiO 2 blend has the lowest activation energy. The results shown in Fig. 8 suggest that the HDPE becomes more difficult to crystallize toward the end of the process as activation energy tends to level out at roughly 60-90% X t . The CaCO 3 NA shows similar trends in activation energy [33, 43] .
PRACTICAL APPLICATIONS
Much of the published information on use of NAs in HDPE is found in the patent literature, rather than textbooks and journals. The patent literature describes practical industrial applications of NAs in HDPE in which the addition of certain NAs improved film clarity and haze, increased modulus, improved barrier properties, reduced shrinkage, warping, and sag in extruded and molded parts, and reduced polymer processing times in molding and extrusion operations. Several representative examples are detailed below.
UHMWPE can prevent sag in large pipe extrusion processes using PE-100 bimodal HDPE resin as well as improve production cycle time by decreasing the solidification or crystallization time [4] . Nonuniform cooling of the inside versus outside surfaces of pipes during extrusion leads to internal stresses. In normal pipe production water is used to rapidly cool the inside and outside of the pipe which causes differing cooling gradients within the pipe wall. This uneven cooling causes stresses within the wall of the pipe due to slower crystallization and nonuniform shrinkage in those regions. It is commonly known in the pipe industry that higher crystallization rates are favorable for eliminating or reducing the sag problem with PE pipe resins. A high crystallization rate leads to fast hardening of the molten polymers and reduces the residual stresses caused by differing shrinkages in the surfaces versus core regions. For example, the crystallization rate of a HDPE/3wt% UHMWPE blend increased significantly as indicated by T 1/2 values decreasing from 13.4 min in the pure HDPE to 5.7 min in the blend. The higher crystallization rate achieved by the addition of UHMWPE led to a reduction in pipe sag and faster pipe hardening. Similar benefits may be achieved in other types of industrial extrusion processes where sag or residual stresses occur [4, 75, 76] .
HDPE film that was nucleated with a 0.2 wt% 1,3:2,4-bis(3,4-dimethylbenzylidene sorbitol NA was found to have enhanced clarity. The crystallization temperature increased from 109.18C in the virgin HDPE resin to 109.88C in the nucleated resin indicating its effectiveness as a NA. The resulting clarity values improved significantly from 70.4% in the virgin resin to 94.9% in the nucleated resin. Haze values dropped from 99.1% in the virgin resin to 88.7% in the nucleated resin. It is presumed that the smaller spherulites that result from the NA account for these optical changes [51] .
The addition of NA can affect the flexural modulus of HDPE. HDPE containing three NAs, 0.05 wt% disodium bicycle [2.2.1]hepatane-2,3-dicarboxylate, 0.45 wt% impact PP copolymer, and 0.5 wt% CaCO 3 , was injection molded into bars and the resulting flexural modulus was measured at differing storage times at room temperature after injection molding. The flexural modulus increased in the nucleated bars at all storage times. For example, after 10 h the flexural modulus went from 610 MPa in the virgin resin to 655 MPa in the nucleated sample. This increase in modulus could be a product of the resulting spherulites size or the degree of crystallization of these injectionmolded parts. However, no explanation was provided to explain the reason for the increased modulus [66] .
Likewise, extrusion blow molding studies were carried out in order to measure cycle time improvements in 350 ml HDPE bottle production. The minimum cycle time was recorded in each case, which was defined as the shortest cycle time that repeatedly yielded bottles without defects. Each tested sample involved reducing the cycle time by 0.5 s and then evaluating the quality of the produced bottle. These studies showed that the cycle time could be reduced by 25% or from about 12 to 9 s in a sample nucleated with 1000 ppm of the disodium bicyclo [2.2.1] heptane-2.3-dicarboxylate [66] . This enhancement is most likely a result of NA increasing the rate of crystallization.
In patent application US2012/0101209 halloysite nanotubular clay (HNT) is claimed to be an effective NA in HDPE at 0.1-1 wt% loading resulting in both reduced postextrusion shrinkage and improved clarity The preferred HNT has a median particle size of 0.01 to 20 lm (d50) and is melt mixed into the HDPE. Only a single cooling rate of 2.58C/min was evaluated. The T c was increased by about 1.98C versus the neat HDPE, corresponding to an increased crystallization rate. The 1.98C increase is considered quite significant and would be greater at higher cooling rates. The patent application states that this NA can provide a similar benefit in many types of polymer processes including extrusion, injection molding, spinning, and clear film production. In film extrusion the faster crystallization rate produces smaller and less developed spherulites, which improves film clarity. The increased rate of crystallization also yields reduced postextrusion shrinkage by reducing secondary crystallization processes that can cause further volume reduction and shrinkage in the solid state. A significant reduction in injection molding cycle time for samples with the HNT was observed, including a 24% reduction in mold cycle time with the HDPE sample containing 1 wt% HNT [59] .
Over the last decade, Milliken & Company developed and commercialized an effective NA product called Hyperform TM HPN-20E for HDPE (calcium hexahydrophthalate) primarily to reduce cycle time and improve blow molding performance. HPN-20E is a high aspect ratio rod-shaped organic salt with an average particle width of 2.8 lm (see also NA Table 1 ). The unique shape of this NA enables its particles to align in the polymer flow direction especially in melt processes with nonturbulent laminar flow. HPN-20E has been used as a NA in a wide variety of polymer melt processes including extrusion, blown film, injection molding, and extrusion blow molding and is typically used in packaging applications [3] .
As with all effective NAs, HPN-20E causes an increased peak T c when present in HDPE. Milliken reported a T c of 121.48C with the HPN-20E/HDPE blend as compared to 118.58C for the neat HDPE sample. Studies showed the increased T c value enabled substantial reduction in cycle times (10-20%) in the injection molding of caps and closures [3] .
Studies were also conducted on injection blow-molded bottles using HDPE nucleated with HPN-20E. The nucleated HDPE showed more consistent processing and improved dimensional stability as indicated by an improved neck ovality ratio enabling approximately 10% cycle time reduction [6, 7] . Likewise, a 15% improvement in water vapor and oxygen barrier properties is achieved in a substantially linear nucleated HDPE/ HPN-20 film as compared to neat film of the same HDPE resin. The most dramatic improvement in barrier properties applies only to a specific linear HDPE resin with minimal long chain branching (LCB) and a narrow molecular weight distribution [67] . In one example, 0.1 wt% HPN-20E is melt blended into the linear HDPE and converted into a 1.25 mil thick film on a blown film line. A control film is also produced under the same processing conditions without the NA. The improvements in both water vapor and oxygen barrier were 46 and 50%. Similar improvements in these barrier properties were also achieved with zinc monoglycerolate (Irgastab TM 287) as NA. The combination of mica and HPN-20E in HDPE showed synergistic improvements in oxygen barrier properties. The improvements were better than the oxygen barrier values obtained with each of the components used alone. The patent application hypothesizes that the HPN-20 does not provide an improved physical barrier to oxygen but rather causes improved orientation of the crystalline lamellae which then leads to a more effective barrier to oxygen. The mica component may provide a physical barrier and increase the orientation of the crystalline lamellae for improved barrier properties [77] .
This improved cycle time is expected in any type of extrusion process, including blown film extrusion. Dotson [78] reported a drop in frost line height in LLDPE in a blown film process which was attributed to the faster crystallization kinetics in a nucleated LLDPE sample with Hyperform HPN-20E. Similar improvements would be expected in HDPE blown film. The drop in frost line height can allow for increases in extruder throughput or line speed. Line speed increases of 5-20% were seen in one particular trial but these results would also depend on other factors such as machine configuration and process conditions [6, 7] . DSC studies showed that the crystallization temperature was increased by about 58 in LLDPE with HPN-20E as compared to the 38 in a HDPE/HPN-20E sample. Both increases are highly significant. Nucleated film thickness variation may also be improved due to more uniform crystallization of the polymer with NA [78] .
